Aspects of heterothermy in four species of afrotropical bats by Doty, Anna Catherine
  
 
 
 
 
 
ASPECTS OF HETEROTHERMY IN FOUR SPECIES OF 
AFROTROPICAL BATS 
 
 
 
 
Submitted in fulfillment of the requirements for the degree of  
 
 
MASTER OF SCIENCE 
 
 
at 
 
 
Nelson Mandela Metropolitan University 
 
 
by  
 
 
ANNA CATHERINE DOTY 
 
 
 
January 2012 
 
 
 
 
 
 
Supervisor: Dr N. Mzilikazi 
 
General Abstract 
 
 
I 
 
GENERAL ABSTRACT 
 
 
Torpor and hibernation, two distinct forms of heterothermy, are physiological responses 
employed by many endotherms to save energy during periods of cold, climatic unpredictability 
and food shortage.  Heterothermy is characterized by varying body temperature and has been 
found to occur in various subtropical mammals.  However, studies on thermoregulatory 
capabilities of South African Microchiroptera remain relatively scant.  In this study, the capacity 
for use of heterothermy, the seasonal metabolic rates, and capacity for non-shivering 
thermogenesis were studied in four species of bats, namely Rhinolophus clivosus, Rhinolophus 
capensis, Miniopterus natalensis and Myotis tricolor. Animals were collected from a group of 
three mines in Sleepy Hollow Farm, 30km from Port Elizabeth, South Africa.   
All species demonstrated bouts of torpor in the winter while R. clivosus interestingly 
established a high propensity for torpor in the summer and normothermia in the winter.  To my 
knowledge, this is the first study that has shown the down-regulation of metabolism and body 
temperature in summer and constant maintenance of normothermic body temperature in winter 
in a species of Microchiroptera. M. natalensis was thermolabile in both summer and winter and 
body temperatures closely tracked ambient temperatures.  Mean ± SD normothermic body 
temperature measured of wild-caught R. clivosus and M. natalensis was 38.6 ± 1.7°C and 37.3 ± 
2.2°C, respectively. Mean torpid body temperature m easured of wild-caught R. clivosus, R. 
capensis and M. natalensis was 22.7 ± 3.3°C, 21.1 ± 3.2 °C, and 22.6 ± 3.1°C,  respectively. 
Non-shivering thermogenesis was measured in R. clivosus and M. natalensis to 
determine the role of endogenous heat production in a volant mammal. The mean noradrenaline-
induced thermogenesis ± SD in R. clivosus and M. natalensis was 2.6 ± 0.8 ml g-1 hr-1 and 2.7 ± 
0.6 ml O2 g-1 hr-1, respectively. Both species demonstrated capacity for non-shivering 
thermogenesis, and this is the first study that has quantified the maximal response to 
noradrenaline in an Afrotropical Microchiropteran species. Physiology of Afrotropical bats is 
understudied and the extent to which torpor and/or hibernation is utilized amongst them remains 
relatively unknown. Heterothermy clearly plays a significant role in the energetic savings and 
balance of all four species in the study.
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CHAPTER 1 
GENERAL INTRODUCTION 
 
 
1.1 INTRODUCTION AND OBJECTIVES 
Endotherms are estimated to require eight times more energy than ectotherms of the same body 
size when compared at the same ambient temperature (Ta) (Else & Hulbert 1981). Thus, they 
require coping mechanisms for periods where there is a mismatch between available and 
needed energy. Heterothermy is a common form of energy conservation used by endotherms 
from areas of climactic unpredictability as well as those from predictably cold environments 
(Lovegrove 2000). It is characterized by a regulated suppression in metabolic rate (MR), which 
leads to a reduction in body temperature (Tb), inactivity and a reduced responsiveness to 
external stimuli (Bligh & Johnson 1973; Lyman et al. 1982; Geiser & Ruf 1995; Boyer & Barnes 
1999) and can be divided into daily torpor and hibernation. In contrast to hibernation, a daily 
torpor bout never lasts longer than 24hrs. Daily torpor and hibernation are different in that daily 
torpor bouts do not overlap with those of hibernation, being clearly distinguished from hibernation 
by a 74 -hour gap, a minimum Tb that is approximately >10°C  and metabolic rates that are >15 
times lower in hibernating animals (Geiser & Ruf 1995).  In addition, the duration of average 
torpor bouts is approximately >30 times longer in hibernation than in daily torpor (Geiser & Ruf 
1995). Torpor bouts are usually initiated by a decrease in environmental temperature and 
reduction in resource availability (Wojciechowski et al. 2007). A number of endothermic animals 
utilize torpor (Lyman et al. 1982; Geiser & Ruf 1995; Boyer & Barnes 1999; Schmid 2000; 
Mzilikazi & Lovegrove 2004; Perrin & Richardson 2005; Scantlebury et al. 2005, 2008) to reduce 
energy expenditure in response to challenging environmental conditions. 
There are three phases associated with torpor: entry, maintenance and arousal (Schmidt-
Nielsen 2004). The entry phase occurs when the body temperature decreases as the animal 
enters a state of decreased metabolic rate and the metabolism slows down. During the 
maintenance phase, a lowered metabolic rate is sustained to maintain a reduced level of energy 
expenditure (Schmidt-Nielsen 2004). The arousal phase is normally initiated by day length 
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and/or ambient temperature, which prompts the metabolism to return to normal levels and 
causes a burst of heat production via non-shivering thermogenesis and increases the body 
temperature back to normothermia (Heldmaier et al. 2004). Arousal from torpor is the most 
energetically expensive phase and, depending on the species, may be ecologically (higher 
susceptibility to predation and higher likelihood of hoard pilferage) and physiologically costly 
(oxidative stress and reduced immunocompetence) (Humphries et al. 2003). In animals that 
utilize daily torpor, daily arousals occur during the active phase and can be differentiated from 
periodic arousals, in which the species in question raises Tb to normothermic levels for less than 
a day, then again returns to torpor until the next arousal (Prendergast et al. 2002). Periodic 
rewarming from extended torpor bouts or hibernation is energetically very costly and the reasons 
for its regular repetition have been frequently discussed, but so far there is no widely accepted 
mechanism explaining their occurrence satisfactorily (Geiser & Ruf 1995; Park et al. 2000; 
Geiser & Drury 2003; Dausmann et al. 2004, 2005; Boyles et al. 2007). Hypotheses attempting 
to explain periodic rewarming often relate to some metabolic or neural function that cannot be 
accomplished at low Tb during torpor and requires a high Tb to be achieved (Körtner & Geiser 
2000a; Prendergast et al. 2002; Nèmeth et al. 2010).  
Because most torpor bouts are observed at low ambient temperatures, it was classically 
thought of as a phenomenon, which occurred mainly in the northern hemisphere. Large 
mammals responded to winter conditions by reducing metabolic rates and body temperatures 
(Lindstedtand & Boyce 1985). However, as more research has been conducted it has been 
shown that the use of heterothermy is not only a response to cold temperature and a harsh 
environment, but also a response to food shortage and is used in a variety of environmental 
settings (Genoud & Bonaccorso 1986; French 1990; Coburn & Geiser 1998; Humphries et al. 
2003; Perrin & Richardson 2005; Willis et al. 2005). Geiser & Turbill (2009) argue that 
heterothermy in small mammals is an evolved physiological survival response to lack of 
resources. Over half of the mammalian orders have representatives that use torpor, and those 
families and orders which do utilize heterothermy have historically experienced a much smaller 
extinction rate than those which do not (Geiser & Turbill 2009). Thus, heterothermy may possibly 
be a major factor in ensuring species survival. Within the southern African context, a range of 
studies investigating heterothermy have been performed (see McKechnie & Mzilikazi 2011), but 
Chapter One 
 
 
 
 
3 
there remains a paucity of information regarding the use of heterothermy by small African 
mammals other than the Afrotheria.  
Bats comprise one fifth of all mammal species and are particularly interesting in the 
context of heterothermy use. Members of the families Rhinolophidae, Vesperitilionidae, 
Molossidae, and Pteropidae are known to use torpor (Stones & Wiebers 1965). Insectivorous, 
heterothermic bats typically use daily torpor in response to food shortages in their environment 
(Speakman & Thomas 2003).  Although torpor is most commonly known to occur in the Northern 
hemisphere, it is utilized by Microchiroptera all over the world (Stones & Wiebers 1965; 
Speakman & Thomas 2003).  Patterns of torpor and thermal physiology may vary between 
biomes (Geiser & Brigham 2000) or between species. Bats in the northern hemisphere generally 
display short bouts of torpor in the summer and multi-day bouts in the winter (Audet & Fenton 
1988) although the patterns observed largely depend on the species (Stones & Wiebers 1965). 
In many species, torpor bout duration over a wide range of Ta increases with decreasing Ta and 
Tb. It is therefore often assumed that torpor bout length is related to some metabolic function that 
is dependent on temperature (French 1985; Geiser & Kenagy 1988).   
There however remain many questions on the metabolic responses of small mammals to 
varying and/or challenging environmental factors dependent on temperature or resources due to 
lack of study. Furthermore, the capacity for non-shivering thermogenesis in small mammals in 
the Afrotropics has been restricted to only a few studies (Noll 1979a,b; Ellison & Skinner 1992; 
Genin et al. 2002; Mzilikazi & Lovegrove 2006; Mzilikazi et al 2007; Scantlebury et al. 2008). 
There have been no studies on the Microchiroptera, which is of particular interest due to their 
diverse roosting and migration habits.  This lends possibility to study various factors relating to 
thermogenesis, such as seasonal differences in NST capacity in migrating and non-migrating 
species.   
Bats are ideal for study because their small size allows for easy manipulation for 
measurements (Kunz 1988). They can be caught during a state of torpor in the day time, are 
accessible in trees and caves, and can be relocated for study over multiple seasons, especially if 
located in small colonies (Park et al. 2000, Skinner & Chimimba 2005, Willis & Brigham 2007). 
Roosting sites for bats may vary seasonally based on microclimate temperature (Wojciechowski 
et al. 2007) and roosting preference based on availability of food, water, and protection from 
predators (Churchill 1991).  Roost preferences may vary not only interspecifically, but also 
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intraspecifically.  The bat Nyctophilus bifax was found to prefer a certain type of roost without 
necessary regard to Ta and therefore had fluctuations in heterothermic patterns due to 
microclimate choice (Stawski et al. 2009b).  Thus, large fluctuations in temperature leading to 
varied roost choice may lead to prolonged torpor in warmer climates, a diversion from the 
previous notion that bats only utilized torpor in colder climates. The thermoconforming species 
Tadarida aegyptiaca from Southern Africa chooses north-facing roost sites to capitalize on the 
benefits of roost choice (Toussaint et al. 2010).  Nyctophilus geoffroyi is a thermolabile species 
that enters torpor in early morning and arouses in the afternoon as Ta rises, indicating non-
thermoregulation over a wide range of Ta.. However, most bat species have Tb thresholds that 
prevent them from physiological stress during torpor (Geiser & Brigham 2000). The extent to 
which insectivorous bats use this thermoconforming strategy has yet to be fully understood. 
Frequent arousals from torpor are equated with energy loss and a high Tb-Ta differential is costly, 
yet many Microchiroptera are unable to undergo prolonged torpor (Geiser & Brigham 2000). 
More studies are needed to gain insight into the relation of roost choice and/or the ability for 
thermolabile bats to efficiently arouse from torpor. 
Only six papers have been published on thermoregulation in South African bats (Brown & 
Bernard 1994; Maloney & Bronner 1999; Brown 1999; Jacobs et al. 2007b; Vivier & van der 
Merwe 2007; Toussaint et al. 2010). These studies describe the thermolabile behaviour of 
insectivorous bats (Maloney & Bronner 1999; Brown 1999; Toussaint et al. 2010). Brown (2000) 
demonstrated small, insectivorous bats readily enter torpor over a wide range of Tas and benefit 
from clustering behaviour by a reduction in oxygen consumption (VO2). The ability of bats to 
tolerate high temperatures in the north of southern Africa is evident with occupied roost 
temperatures exceeding 60°C (Maloney & Bronner 1999 ). In contrast, the species Miniopterus 
schreibersii (now known as M. natalensis) showed signs of stress at 40ºC (Brown 1999) in the 
south. All of the six papers describe the ability of bats to undergo periods of daily torpor, while 
Toussaint et al. (2010) provided the first evidence evidence that Afrotropical bats are capable of 
multi-day heterothermic bouts under free-ranging conditions. However, despite the numerous 
numbers of bat species in Southern Africa, what is known on thermoregulation in bats is only 
based on these six studies. Most information on use of Chiropteran heterothermy has not 
attempted to quantify basal metabolic rates (BMR) to form a basis for comparison to other 
endotherms or between species. 
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The aim of this study is to investigate the thermoregulatory abilities of four co-occuring 
Afrotropical bat species.  The use of energy by bats during different seasons will be compared by 
means of metabolic rate at various ambient temperatures to determine how, if, and when torpor 
is used and what advantage it provides.  This will include both laboratory and free-range data 
obtained at a single study site (Chapter 2). Because non-shivering thermogenesis is an integral 
part of the process of arousal from torpor, the capacity for NST will also be investigated in three 
of the species that remain resident at the study site throughout the year (Chapter 3). References 
will appear at the end of this thesis to minimize repetition between chapters. 
1.2 THE STUDY SPECIES  
1.2.1 Rhinolophus clivosus 
 
The Geoffrey’s Horseshoe bat, R. clivosus has a body mass 14-18.5g (Jacobs et al. 2007a) and 
belongs to the family Rhinolophidae and order Chiroptera. This species occurs throughout the 
African continent.  Within South Africa, they have been recorded in all provinces and are present 
on all coasts (Skinner & Chimimba 2005). R. clivosus occupy savanna woodland but on occasion 
inhabit forest edges. This species gathers in large colonies of up to 10,000 individuals in the 
Eastern and Western Cape (Herselman 1980) and roost in cool areas (Churchill 1997) of mines, 
caves, and rock crevices. They will leave to forage for moths and beetles (Rautenbach 1982) 
slightly after sunset and return before dawn (Skinner & Chimimba 2005). At night, R. clivosus will 
travel up to 10 km from their habitat (Herselman 1980) to hang from trees or roofs of houses to 
feed (Skinner & Chimimba 2005). In the Eastern and Western Capes, the Geoffrey’s Horseshoe 
bat has a single young mid-December (Herselman 1980). Copulation first occurs in May and 
spermatozoa are stored in the reproductive tracts of females until fertilization in August. 
Partuition takes place in December and all females are postlactant by April (Bernard 1983). In 
the Transvaal, females have a single young in November (Rautenbach 1982).  Currently, no 
information exists which describes the thermoregulatory abilities of this species. 
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Fig. 1.1 The distribution map of R. clivosus (© A. Monadjem). 
 
1.2.2 Rhinolophus capensis 
 
The Cape Horseshoe bat, R. capensis, body mass 9.5 -16.0g (Stoffberg 2007), belongs to the 
family Rhinolophidae and order Chiroptera. This species is endemic to Southern Africa and 
occurs on the coasts of the Eastern, Western, and Northern Cape from the Namibian border to 
East London (Skinner & Chimimba 2005). R. capensis will roost in colonies of thousands mixed 
with R. clivosus  in mines or caves (McDonald et al. 1990; Herselman & Norton 1985).  
R. capensis is insectivorous and will hunt in tree canopies, hanging from small branches or tree 
bark (personal observation).  Many R. capensis will travel to De Hoop Guano Cave in the 
Western Cape for the winter, although they will not undergo hibernation or deep torpor at this 
time (McDonald et al. 1990). Sperm production commences in December and male R. capensis 
store the sperm in their reproductive tract between April and August.  Copulation and ovulation 
occurs in August and is followed by parturition in November and December, where females give 
birth to a single young (Bernard 1985; 1986).  In a study by Brown & Bernard (1994), 
normothermic bats had mean Tbs of 37.1°C in summer 35.3°C and in winter and chos e a narrow 
range of preferential microclimates (between 22 and 26°C), similar to that of summer (between 
23 and 30°C). Torpid bats chose a T a range between 18-22°C in summer and 17-22°C in win ter. 
Although the Ta selection range was similar in both seasons, mean torpid Tb was significantly 
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lower in winter (15.7°C) than in summer (18.1°C). T hese body temperature data did not have 
metabolic rate correlates. 
 
 
 
Fig. 1.2 The distribution map of R. capensis (© A. Monadjem). 
 
1.2.3 Miniopterus natalensis 
 
The Natal long-fingered bat, M. natalensis, body mass 9.4-13.0g (Stoffberg et al. 2004) belongs 
to the family Miniopteridae and order Chiroptera. This species is found in Southern Africa from 
the southern tip and northwards through to Zimbabwe, Democratic Republic of Congo, Malawi 
and southern Angola.  This species is not found in the mid-western parts of South Africa or 
Kalahari region of Africa.  M. natalensis is a subtropical bat which relies on mines and caves for 
roosting, which most likely determines its habitat rather than the surrounding vegetation, 
although notably confined to savanna and grasslands (Monadjem et al. 2001).  Female M. 
natalensis will seasonally migrate between their primary roost and the De Hoop Guano Cave in 
the Western Cape, using separate mines or caves as winter hibernacula and summer maternity 
roosts (van der Merwe 1973a; b; 1975). This species mates and fertilizes sperm in March and 
April, then delays implantation until July and August.  Parturition occurs from October through 
December, where females give birth to a single young (van der Merwe 1979; 1980; Bernard 
1980; 1994; Bernard & Davidson 1996; Bernard et al. 1996). Previous Tb and MR values have 
been recorded by Brown & Bernard (1994) and Brown (1999) and described a higher mean Tb in 
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summer (35.7°C in summer and 32.8°C in winter) as w ell as a preference for warmer 
hibernacula in the same season (selection between 20 and 23°C in summer, and 16 and 18°C in 
winter).  Those bats that stayed normothermic consistently chose higher termperatures than 
torpid bats in both seasons. The calculated BMR value for M. natalensis was 2.29 ± 0.38 ml g-1 
h-1. This value was calculated between 34 and 39°C whi ch is similar to that of other insectivorous 
temperate bats (McNab 1969; Hosken 1997; Hosken & Withers 1999). Torpid bats below 24°C 
had an average VO2 of 0.31 ± 0.16 ml g-1h-1. Above 24°C, the metabolic rates increased and 
approached those of normothermic bats. Above 34°C, bats’ VO2 varied as well as Tb-Ta 
differential. This study also indicates the importance of clustering in M. natalensis, wherein 
individuals reportedly had a higher Tb-Ta differential and 22-36% reduction in VO2 when roosting 
in clusters. Importantly, M. natalensis was previously a subspecies of M. schreibersii, which is 
now restricted to northern regions of Africa and parts of Europe. References in this thesis that 
discuss M. schreibersii prior to 2005 indicate M. natalensis. 
 
 
 
Fig. 1.3 The distribution map of M. natalensis (© A. Monadjem).  
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1.2.4 Myotis tricolor 
 
Temminck’s Myotis, M. tricolor, average mass 11g (Skinner & Chimimba 2005), belongs to the 
family Vespertilionidae and order Chiroptera. This species is found in South Africa from the 
southwest, along the Eastern Cape coast and Northwest to the Mozambique border.  Like  
M. natalensis, this species will use winter hibernacula and summer maternity roosts where they 
will socially congregate in numbers reaching the thousands (McDonald et al. 1990; Taylor 1998).  
This species is confined mostly to mountainous areas with suitable caves and roosting habitats, 
explaining their absence from many flat regions. Mating occurs in April and is followed by sperm 
storage until fertilization in September. Parturition occurs in November and December (Bernard 
1982) where females give birth to a single young. The thermoregulatory capabilities of M. tricolor 
are currently unknown. 
 
 
 
Fig. 1.4 The distribution map of M. tricolor (© A. Monadjem). 
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1.3  MATERIALS AND METHODS 
The materials and methods to follow are applicable to all data chapters and are described here 
so as to minimize repetition. 
 
1.3.1 Study Site 
 
 
 
 
Fig. 1.5 Maps showing the location and size of the area used for collecting study animals 
(Imagery ©2011 GeoEye; Map Data ©2011 Tele Atlas, AfriGIS (Pty) Ltd., Google, Europa 
Technologies, Data SIO, NOAA, U.S. Navy, NGA, GEBCO). 
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The study site is situated on Sleepy Hollow farm, South Africa, approximately 30 km from Port 
Elizabeth, South Africa (Fig. 1.5 Google Earth 2011).  The farm is mainly used as a tourist 
destination for caravan campers who hike on various trails within the farm.  Sleepy Hollow is 
situated approximately 3.10 km from Blue Horizon Bay River Mouth and 2.40 km from the 
Maitland River Mouth (Google Earth 2011).  The Maitland River runs through the Sleepy Hollow 
property and empties into the Maitland River Mouth.    
Sleepy Hollow is situated in valley and is surrounded on the west side by large rock 
crevices inlaid with shallow holes. A man- made path allows hikers to visit three barely intact 
mines still on the property, which are the main roost sites for the study species.  The mines were 
traditionally mined for copper and lead, but are no longer in use (A Botha,personal 
communication). Vegetation of the Maitlands area is dominated the by Albany coastal belt and 
southern coastal forest (Cowley et al. 1997). The Albany coastal belt is considered “least 
threatened” and characterized by the Albany thicket biome and vegetation group, while the 
similarly “least threatened” southern coastal forest is of the forest biome and lowland forest 
vegetation group (Rouget et al. 2004).  
 
1.3.2 Animal Capture and Holding 
 
Bats were caught via a hand net or a mist net (Ecotone, pl) during daytime when they were in a 
torpid state or at dusk when exiting the mine to feed. Afterwards they were immediately 
transported to the laboratory in the Zoology department at the Nelson Mandela Metropolitan 
University in small cloth bags. All bats were kept in a constant environment room with an 
ambient temperature of 21± 0.5°C and a light:dark c ycle of 13L: 11D in summer (December -
February 2011) and 11L: 13D in winter (June-August 2011).  Roost boxes (54cm x 29cm x 
31cm) were made of plywood and covered from the inside with shade cloth to create rough 
surfaces for attachment on the side or top.  Bats were handfed every day after 19:30 to simulate 
a natural feeding period.  Individuals were offered mealworms and water with a syringe. Bats 
were kept in the laboratory for a maximum of four days before release. 
 
1.3.3 Respirometry 
 
Metabolic rates were measured indirectly as oxygen consumption (VO2) using an open-flow 
respirometry system.  All equipment used in the laboratory studies was manufactured by Sable 
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Systems (Las Vegas, USA). Body mass of each animal was obtained prior to and after each 
measurement. It was ensured that animals were postabsorptive before measurements. 
Individuals were placed in 1.2ℓ plastic metabolic chambers for measurements. Holes were drilled 
at the top and bottom on opposite ends of chambers to allow air passage through the chamber. 
Containers were placed inside a 1m3 temperature controlled cabinet, in which the ambient 
temperature could be regulated with circulating water from a temperature-controlled waterbath.  
 Air was pulled from the individual metabolic chambers at a flow rate of 300 ml/min to 
maintain <1% oxygen depletion between incurrent and excurrent air. A MFS-2 pump pumped the 
air initially through Whatman filters to remove debris and then into an RM-8 Multiplexer unit. The 
multiplexer unit allowed for up to five metabolic chambers, including a reference channel, with 
individual pumps to be used concurrently.  It was programmed to switch between chambers and 
their respective pumps at ten-minute intervals. A manifold allowed excess air to escape before 
being channeled to the RH-300 relative humidity meter, which determined relative humidity in the 
air.  Silica gel scrubbers dried the air from the RH-300 before passing into a CA-10a carbon 
dioxide analyzer. Air was passed through soda lime scrubbers to remove CO2 and silica gel to 
remove remaining moisture to be analyzed by an FC-10a oxygen analyser unit.  Presence of 
water vapour in the air influences flow rate.  Therefore the presence of water vapour was 
corrected for using the equation: FR(corr)=FR(measured)x ((BP-WVP)/BP); where BP is barometric 
pressure and WVP is water vapour pressure, and FR is flow rate. Oxygen consumption was 
calculated using the equation: VO2 = ((FR(FiO2-Fe02))/1-FiO2).  Signals from the mass flow 
meters and the analyzers were obtained and analyzed using data acquisition software Expedata 
from Sable Systems International.   
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CHAPTER 2 
SEASONAL THERMOREGULATION OF FOUR SPECIES OF AFROTROPICAL 
BATS 
 
2.1 ABSTRACT 
Bats comprise one fifth of all mammalian species and although many studies have investigated 
the thermoregulatory capabilities of many endothermic small mammals, relatively few studies 
have investigated thermoregulation of bats especially in the South African context. In this study, 
thermoregulation of four co-existing species (Rhinolophus clivosus, R. capensis, Myotis tricolor 
and Miniopterus natalensis) was investigated by exposing the bats to a range of environmental 
temperatures from 10ºC to 35ºC and measuring their metabolic rates (MR) and body 
temperatures (Tb), during winter and summer. All four species had a high propensity for torpor, 
especially at low ambient temperatures (Tas,) generally in both seasons. Up to 100% of all 
species were observed to be torpid between Ta 10-28°C.The animals were hardly normothermic 
except at Ta>30°C. In summer, the torpor MR of R. clivosus was reduced by up to 84% of the 
normothermic value at 10°C. The lowest T b (10°C) was measured at T a = 10ºC in R. clivosus in 
summer. An opportunity to measure active Tb of free-ranging bats was taken and the mean 
normothermic Tb for R. clivosus and M. natalensis was 38.6 ± 1.7°C and 37.3 ± 2.2°C, 
respectively. In conclusion, the species measured in this study were thermoconforming and the 
species with the least propensity for torpor under laboratory conditions was R. clivosus. In 
addition, R. clivosus had a tendency to maintain normothermia in winter and to enter torpor more 
frequently during summer.  This study increases the available data on thermoregulation of South 
African bats by 16%. There still remains need for free-ranging Tb data to investigate parameters 
such as torpor bout duration, frequency and depth. 
2.2 INTRODUCTION 
Maintenance of a constant normothermic body temperature via endogenous heat production can 
be energetically costly for animals with low stores of fat (Heldmaier & Steinlechner 1981; Geiser 
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& Kenagy 1988).  During periods of low ambient temperature (Ta), the difference between body 
temperature (Tb) and Ta results in a large amount of heat loss (Scholander et al. 1950). The cost 
of endothermy can be overcome by energy savings through the use of torpor and hibernation. 
When torpid, some animals are able to reduce energy expenditure by as much as 50-90% 
(Ellison & Skinner 1992).  At this time, metabolic rate (MR) and body temperature are at low 
levels, thus conserving energy during a 24 -hour period. 
The constant maintenance of Tb over a wide range of Ta is a common and defining 
mammalian trait. Periodic abandonment of constant Tb (use of heterothermy) is observed when 
there is need during episodes of low Tas, unpredictable food supplies and adverse weather 
conditions (Ruf et al. 2006). The timing of torpor entry and whether heterothermic endotherms 
will enter torpor during rest phase or active phase depends on both the ecology of and conditions 
the species is exposed to (Körtner & Geiser 2000b). The sugar glider, Petaurus breviceps, in 
Australia lowers resting normothermic Tb several days before employing torpor in an attempt to 
avoid utilizing it during periods of probable low foraging productivity (Christian & Geiser 2007). 
This demonstrates that some heterothermic mammals will only use torpor as an emergency 
measure in response to unfavourable conditions. In contrast, two Chiropteran species, 
Nyctophilus spp., in Australia will readily enter bouts of torpor and hibernation when food is 
restricted in the winter (Turbill & Geiser 2008).  
One group of animals where heterothermy appears to be the norm is the Microchiroptera. 
There are species in 10 of the 18 known chiropteran families that employ torpor in the 
tropics/subtropics (Geiser & Stawski 2011). Of the remaining eight, there are at least a few 
families that completely lack study, lending no data to thermoregulation (Geiser & Stawski 2011). 
The largest family of Chiroptera is the Vespertilionidae, of which there are 407 known species. 
Most are insectivorous and either enter daily torpor or hibernation (Geiser & Stawski 2011).  
Some animals may only activate endogenous heat production when equipped with fat stores 
and thus enter torpor under low-stress conditions and good condition (Stawski & Geiser 2009a).  
A species of insectivorous marsupial, Cercartetus nanus, enters spontaneous bouts of torpor 
under mild stress in the laboratory (Song et al. 1997) and captive ground squirrels (Spermophilus 
spp.) enter bouts of torpor and hibernation even when freely offered food (Geiser & Kenagy 
1990). Importantly, some species of bats have shown torpor under mild or stress-free conditions 
such as Mops condylurus and Vespadelus pumilus (Turbill et al. 2003; Vivier & van der Merwe 
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2007).  Recent studies have shown that even with a stable environment and readily available 
food source, Microchiroptera will enter torpor on a daily basis independent of fluctuations in 
climate (Geiser et al. 2011). Furthermore, the Microchiroptera’s scope for phenotypic plasticity 
and volant abilities enables them to be one of the most diverse and widely distributed mammals 
in the subtropics. Torpor and hibernation are typically associated with cold temperatures, but 
subtropical bats have been shown to enter hibernation and torpor at Tas as high as 23°C (Liu & 
Karasov 2011). Geiser & Stawski (2011) argues that homeothermic endothermy evolved only 
after the production of heterothermy in large bats, thus indicating bats initially utilized torpor 
under warm and/or subtropical conditions. Torpor and hibernation may therefore be exploited in 
mild or warm conditions to save energy whenever possible. Other methods of energy savings 
include huddling with conspecifics.   
 The thermal preferences of bats may be dependent on social behaviours such as 
willingness to roost with other species and the use of buffered microclimates. Different species of 
bats can occupy, and even huddle together in the same roost, most likely to reduce energy 
expenditure (Willis & Brigham 2007). Animals huddling in groups tend to have a lower daily 
energy expenditure (DEE) and lower water turnover rates (WTO) than those roosting individually 
(Scantlebury et al. 2006).  
Bats are commonly known to employ both torpor and hibernation, although 
thermoregulation in Chiroptera has been rarely studied in the Afrotropical context. Studies have 
provided information on thermal preference of roost sites (Brown & Bernard 1994), tolerance of 
high temperatures (Maloney & Bronner 1999) as well as torpid metabolic rates in the laboratory 
in clusters and individuals (Brown 1999). However, there exists a lack of free-ranging data on 
metabolic rate and body temperature gathered from Microchiroptera in subtropical environments 
regarding torpor and rewarming, especially in Southern Africa.  Currently, the only free-ranging 
telemetric studies to date have provided valuable information, discovering the ability of 
hibernation and torpor in Afrotropical bats (Jacobs et al. 2007b; Vivier & van der Merwe 2007; 
Toussaint et al. 2010).  
In this study, the aim was to investigate the thermoregulatory capabilities of four-occurring 
bat species in during the winter and summer seasons.  The approach used was to expose the 
animals to a series of ambient temperatures while measuring their energy use, indirectly using 
metabolic rates and also measuring their Tb. It was predicted that torpor use will be more 
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pronounced in winter months when food is more restricted and availability is less predictable. In 
addition, instantaneous Tb measurements of animals caught torpid in their roosts were obtained 
to ascertain torpid and normothermic Tb data from wild animals.   
2.3  MATERIALS AND METHODS 
2.3.1   Laboratory 
 
2.3.1.1  Metabolic Rate Measurements 
 
Metabolic rates were measured indirectly using open flow respirometry (Chapter 1).  Individuals 
were measured during their rest phase between the hours of 0700 and 1600.  All animals were 
ensured to be postabsorptive before measurements. Metabolic rate measurements were made 
at ambient temperatures ranging between 10°C and 35 °C. Measurements at each temperature 
lasted for at least 90 minutes. This time was chosen so as to allow measurements at a minimum 
of 3 ambient temperatures per day so that animals did not spend more than 3 days in the 
laboratory (as per recommendation of the animal ethics committee) and due to the tendency of 
some individuals not able to feed readily. Owing to the difficulty of attaching dataloggers and 
transmitters to bats (Willis & Brigham 2003; Lovegrove 2008; Willis et al. 2009), instantaneous 
body temperatures were measured by inserting a thermocouple (accuracy ± 1°C) into the rectum 
until a steady reading was obtained.  This method has been used in previous studies (Cryan & 
Wolf 2003; Geiser et al. 2006). Individual Tbs were taken before and after placement of animals 
in metabolic chambers in the temperature cabinet.  
2.3.1.2  Data Analysis 
 
Individuals were considered normothermic at Tb of ≥30°C. Animals exhibiting a T b lower than this 
were considered torpid. A Tb of 30°C is generally accepted as a normothermic th reshold (Willis & 
Brigham 2003).  The bats (all species) showed a high propensity for torpor at the lower Tas and 
this precluded the calculation of the lower limit of thermoneutrality (TLc) in some species and 
seasons. BMR was therefore estimated as the lowest mean VO2 at Ta ≥30°C in those cases, 
since all animals exhibiting Tb ≥ 30°C were presumed to be normothermic.  In additio n, flight 
attempts were noted when recording Tbs in the laboratory, demonstrating ability to process a full 
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range of motion. Bartels et al. (1998) has previously shown the Australasian bat, Macroglossus 
minimus, was unable to fly until Tb reached 29°C. The 30°C threshold was therefore reg arded as 
a reasonable indicator of normothermia after consideration of available Tb data in the literature.  
Because not all animals entered torpor or remained normothermic at the different Tas, the 
influence of Ta on MR between seasons could not be ascertained using the normal repeated 
measures ANOVA approach. At the higher Tas, R. clivosus and M. natalensis showed signs of 
water stress, such as bloody urine and panting.  Other individuals of the same species were thus 
not placed at high Tas, which resulted in an unbalanced dataset. Therefore, torpor frequency at 
each ambient temperature during the different seasons was calculated as the proportion of torpid 
animals for each Ta.  If no torpor was observed, the number of individuals observed torpid was 
designated as zero.  Due to low sample sizes, a two-tailed fisher’s exact test was used to test for 
significant differences of proportions of torpid animals at the different temperatures between 
seasons at Tas ≤25°C. When applicable, temperatures above 25°C were  not included for 
analysis because these were above the predicted or calculated TLC for all species. BMR was 
calculated between 30 and 35°C.  A chi-squared test  was used to test for significant differences 
of proportions of torpid animals at the different temperatures within seasons at Tas ≤25°C. The 
relationships between the MR, Tb and Ta for torpid animals were described using regression 
models. 
 
2.3.2   Wild-Caught Individuals 
 
2.3.2.1 Body Temperatures 
 
Daytime visits were made to the mines where animals were individually caught by hand and a 
thermocouple was inserted into the cloaca to measure body temperature.  Individuals were then 
identified by species, weighed, sexed, marked and released. Animals were marked by taking a 
small skin sample from the tail sheath with a biopsy punch.  Animals were also captured 
individually by net during flight to determine rest-phase normothermic body temperatures. If 
marked animals were captured twice, they were released and not recorded repeatedly. During 
night visits, animals were captured by mist net upon exit of the mine to test for active-phase 
normothermic body temperatures.   
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2.3.2.2  Data Analysis 
 
Data were analyzed in Statistica 7.0 (Statsoft). Mean of body mass per species and mean, 
median, mode and frequency of body temperatures per species were calculated using 
Descriptive Statistics. A Welch’s t-test was used to determine if there was a significant increase 
in body mass over seasons. 
2.4   RESULTS 
2.4.1   Laboratory 
 
2.4.1.1 Sample Sizes 
 
Seasonal sample sizes reflect a sampling of mixed sexes in all species (Table 2.1).  
Table 2.1 Seasonal sample sizes for R. clivosus, R. capensis, M. natalensis, and M. 
tricolor caught in Sleepy Hollow. 
 
 
 
2.4.1.2  Body Mass 
 
R. clivosus was the heaviest of the four bat species captured in Maitland mines (Table 2.2). 
There was a highly significant increase in the body mass of R. clivosus individuals between 
seasons (t= 9.16; P≤0.01). In R. capensis, there was a highly significant decrease in the body 
mass of individuals from summer to winter (t= -4.79; P≤0.01) (Table 2.2). M. natalensis was the 
lightest of the four bat species captured in Maitland mines (Table 2.2).  There was a significant 
increase in the body mass of individuals from summer to winter (t= 1.21; P≤0.05).  
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Table 2.2 Seasonal body mass  ± SD for R. clivosus, R. capensis, M. natalensis, and M. tricolor.  
A linear decrease in Mb was assumed during time in the laboratory.  
 
 
Summer Winter
Body Mass (g) ± SD
R . clivosus 16.83 ± 1.68 20.67 ± 2.36
R . capensis 11.90 ± 1.38 10.00 ± 0.61
M . natalensis 9.77 ± 0.65 10.10 ± 0.60 
M. tricolor 12.71 ± 2.32 -
Body Mass (g) ± SD
 
 
 
2.4.1.3 Seasonal Changes In Metabolic Rates 
 
2.4.1.3.1 Rhinolophus clivosus 
 
The BMR ± SD of R. clivosus was 0.8 ± 0.5 ml O2 g-1hr-1 in summer and 0.6 ± 0.08 ml O2 g-1hr-1 
in winter. The calculated TLC in summer was 25.62°C and in winter 26.67°C. The a nimals had a 
great propensity for torpor in summer, with normothermic Tbs maintained at Tas≥30°C ( Fig. 2.1A, 
2.1B). Torpor was entered at all temperatures ≤28°C in summer ( Fig. 2.1B). Some torpid Tbs in 
winter were not necessarily accompanied by low metabolic rates, as seen at Ta 10°C  ( Fig. 
2.1C), suggesting the maintenance of a setpoint torpor Tb, below which further decrease of Tb 
was not allowed. Torpor was entered at Ta’s 10, 15, and 20°C in winter ( Fig. 2.1 D). The highest 
proportion of torpid animals was observed at Ta = 10, 15 and 20°C ( Fig. 2.1E). Interestingly, 
torpor use was more pronounced during summer than in winter. In summer, torpor frequency 
ranged from 43% of animals being torpid at 28°C to 85% of the animals being torpid at 10°C. In 
winter, torpor frequency ranged from 33% of animals being torpid at 15 and 20°C to 40% of the 
animals being torpid at 10°C ( Fig. 2.1E). There were no significant differences in the proportions 
of animals torpid at 10, 15 and 20°C between summer  and winter, but a significant difference at 
25°C (P ≤ 0.05). There was no significant difference in the proportion of animals torpid in summer 
when comparing proportions at each Ta against each other, but a significant difference of 
animals torpid in winter between temperatures (P≤ 0.05; Chi-squared=3.84). There was a greater 
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tendency to remain normothermic during winter in R. clivosus (Fig. 2.1B, 2.1D). The lowest Tb 
measured during summer was 10°C at T a =10°C and that during winter was 11°C at T a = 10.9°C.  
The relationship between summer torpor Tb and Ta was described by the equation: Tb = 1.0Ta + 
10.3°C and was highly significant (r 2 = 0.78; P≤0.01). The mean normothermic Tb during summer 
was 32.5°C and that during winter was 33.7°C. The g reatest metabolic rate reduction during 
torpor was observed in summer at Ta =14.7°C, an 89% reduction in MR. The torpid metabo lic 
rate (TMR) ranged from 11- 47% of BMR. The minimum torpid metabolic rate (TMR) of R. 
clivosus was 0.09 ml O2 g-1hr-1 in summer, 3.43x the next highest TMR of M. natalensis. 
 
 
Fig. 2.1A The relationship between MR and Ta during summer in R. clivosus.  
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Fig. 2.1B The relationship between Tb and Ta during summer in R. clivosus. 
 
 
 
Fig. 2.1C The relationship between MR and Ta during winter in R. clivosus.  
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Fig 2.1D  The relationship between Tb and Ta during winter in R. clivosus. There was a greater 
tendency for the animals to maintain higher body temperatures compared to summer. 
 
 
 
Fig. 2.1E The proportion of torpid R. clivosus at all measured ambient Tas in summer and winter.  
Animals entered torpor at all ambient temperatures below 30°C. 
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2.4.1.3.2 Rhinolophus capensis 
 
The BMR ± SD of R. capensis in summer was 0.6 ± 0.3 ml O2 g-1hr-1 and in winter 0.5 ml O2 g-
1hr-1. The TLC in summer was 27.4°C and could not be calculated i n winter due to low amounts of 
normothermic Tbs at low Tas. The animals had a great propensity for torpor, with normothermic 
Tbs maintained at Tas≥30°C ( Fig. 2.2B, 2.2D). Torpor was entered at all temperatures ≤28°C.  
Interestingly, the highest proportion of torpid animals was observed at Ta = 10 and 28°C ( Fig. 
2.2E).  Due to low sample size in summer, comparative use of torpor between seasons was 
inconclusive. One normothermic animal with a decreasing MR with increasing Ta and one torpid 
animal were measured in summer (Fig. 2.2A). Torpor frequency in summer ranged from 100% 
of animals torpid at 10°C to 50% of the animals tor pid at 15, 20, and 25°C.  There were no 
significant differences in the proportions of animals torpid at 10, 15, 20 and 25°C between 
summer and winter. There was not a significant difference in the proportion of animals torpid in 
summer when comparing proportions at each Ta against each other, but a significant difference 
of animals torpid in winter between temperatures (Chi-squared= 8.30; P≤ 0.05).  
Animals tended to remain torpid at low Tas in winter, with no normothermic metabolic rates 
recorded until Ta = 25°C.  The highest proportion of torpid animals was 100% in both winter and 
summer (Fig. 2.2E) (P≤ 0.05; Chi-squared=3.84).  
The lowest Tb measured during summer was 11°C at T a = 10.5°C and that during winter 
was at 12°C T a = 10.2°C.  The relationship between summer torpor Tb and Ta was described by 
the equation Tb = 3.2 Ta + 4.5°C and was highly significant (r 2= 0.85; P≤0.01). The relationship 
between winter torpor Tb and Ta was described by the equation Tb = 0.7Ta + 5.2°C and was 
highly significant (r2= 0.98; P≤0.01). The mean normothermic Tb during summer was 33.0°C and 
that during winter 33.9°C. The greatest metabolic r ate reduction during torpor was observed in 
winter at Ta =10.7°C ( Fig. 2.2C).  The TMR ranged from 4.5 - 62% of BMR. Minimum TMR was 
0.03 ml O2 g-1 hr-1 in winter. 
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Fig. 2.2A Relationship between MR and Ta during summer in R. capensis.  
 
 
 
Fig. 2.2B The relationship between Tb and Ta during summer in R. capensis.  
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Fig. 2.2C The relationship between MR and Ta during winter in R. capensis.  
 
 
 
Fig. 2.2D The relationship between Tb and Ta during winter in R. capensis. 
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Fig. 2.2E The proportion of torpid R. capensis at all measured ambient Tas in summer and 
winter. 
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2.4.1.3.3 Miniopterus natalensis 
 
The BMR ± SD of M. natalensis in summer was 0.5 ± 0.2 O2 g-1hr-1 and in winter 0.4 ± 0.2 ml O2 
g-1hr-1. The TLC could not be calculated due to lack of normothermic metabolic rates at low Tas.  
The animals had a great propensity for torpor, with normothermic Tbs maintained at Tas ≥30°C 
(Fig. 2.3B, 2.3D). Torpor was observed at all temperatures at and below 28°C.  The highest 
proportion of torpid animals was observed at Ta = 20°C.  Torpor use was more pronounced 
during winter than in summer. However, low Tbs were observed with high metabolic rates in 
summer (Fig. 2.3A, 2.3B). Low metabolic rates in winter were almost exclusively associated with 
torpid values at Ta≤25°C ( Fig. 2.3C). Torpor frequency in summer ranged from 63% of animals 
being torpid at 10°C to 100% of the animals being t orpid at 15, 20 and 25°C ( Fig. 2.2E).  Torpor 
frequency in winter ranged from 63% of animals being torpid at 25 and 28°C to 100% of the 
animals being torpid at 10 and 20°C ( Fig. 2.2E). There were no significant differences in the 
proportions of animals torpid at 10, 15, 20 and 25°C between summer and winter. There was no 
significant difference in the proportion of animals torpid in summer when comparing proportions 
at each Ta against each other, but a significant difference of animals torpid in winter between 
temperatures (Chi-squared = 4.21;P≤ 0.05). The lowest Tb measured during summer was 11°C 
at Ta = 10.6°C and that during winter was 11°C at T a = 10.7°C.  The relationship between 
summer torpor Tb and Ta was described by the equation Tb = 0.6Ta + 4.6°C and was highly 
significant (r2= 0.97; P≤0.01). The relationship between winter torpor Tb and Ta was described by 
the equation Tb = 0.7Ta + 9.3°C and was highly significant (r 2= 0.86; P≤0.01). The mean 
normothermic Tb during summer was 33.0°C and that during winter wa s 33.0°C. Minimum TMR 
was 0.02 ml O2 g-1 hr-1 in winter. 
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Fig. 2.3A Relationship between MR and Ta during winter in M. natalensis.  
 
 
 
Fig. 2.3B The relationship between Tb and Ta during winter in M. natalensis.  
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Fig. 2.3C The relationship between MR and Ta during winter in M. natalensis.  
 
 
 
Fig. 2.3D The relationship between Tb and Ta during winter in M. natalensis.  
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Fig. 2.3E The proportion of torpid M. natalensis at all measured ambient Tas in summer and 
winter. 
 
2.4.1.3.4 Myotis tricolor 
 
BMR ± SD of M. tricolor in summer was 0.5 ± 0.2 ml O2 g-1 hr-1. The TLC could not be calculated 
due to lack of normothermic body temperatures at low Tas. The animals had a great propensity 
for torpor, with normothermic Tbs maintained at Tas ≥30°C. Torpor was entered at all 
temperatures below 28°C ( Fig. 2.4B). Metabolic rates increased with an increase in Ta (Fig. 
2.4A). The highest proportion of torpid animals was observed at Ta = 10 and 15°C.  Torpor 
frequency ranged from 43% of animals being torpid at 28°C to 100% of the animals being torpid 
at 10 and 15°C ( Fig. 2.4C). There was a significant difference in the proportion of animals torpid 
in summer when comparing proportions at each Ta against each other (P≤ 0.05; Chi-squared = 
4.20). Values were not given to determine at which Ta a significant difference occurred.  
The lowest Tb measured during summer was 11°C at T a = 10.2°C The relationship between 
summer torpor Tb and Ta was described by the equation Tb = 1.3Ta + 8.0°C and was highly 
significant (r2 = 0.96; P≤0.01). The mean normothermic Tb during summer was 31.7°C. Minimum 
torpid metabolic rate (TMR) was 0.03 ml O2 g-1 hr-1. 
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Fig. 2.4A The relationship between MR and Ta during summer in M. tricolor.  
 
 
Fig. 2.4B The relationship between Tb and Ta during summer in M. tricolor.  
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Fig. 2.4C Proportion of torpid M. tricolor at all measured ambient Tas in summer.  
2.4.1.7  Mine Temperatures 
 
Mine temperatures were taken with dataloggers (iButton®, Maxim Integrated Products, 
Sunnyvale, CA). Average mine temperatures ± SD for summer and winter were 17.9 ± 0.6°C and 
13.5 ± 0.8°C. Mine temperatures differed significan tly between seasons (t = 231.96; df = 1; 
P≤0.01).  
 
2.4.2  Descriptive analysis of body temperature data from wild caught individuals 
2.4.2.1 Sample Size  
 
Body temperatures of bats were obtained in two mines during spring (September 2011). 
Mine 1 was sampled during rest- and active- phases in, while Mine 3 was sampled only 
during rest-phase (Table 2.4).  
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2.4.2.2  Body Mass 
 
Rhinolophus clivosus was significantly heavier than both R. capensis (t = 4.21; P≤0.01) and  
M. natalensis (t = 19.57; P≤0.01). Body masses did not differ significantly in any of the species 
between mine visits. Interestingly, R. clivosus also had lower average Tbs M. natalensis on all 
four occasions, including active-phase Tb measurements (Table 4.7). No conclusions could be 
made for R. capensis due to the low sample size (n=4).  
Table 2.5 The mean ± SD body mass of species pre-measurement and acclimated to 
ambient temperatures over four sampling periods. 
 
R . clivosus 19.43 ±1.89
R . capensis 14.38 ± 2.29
M . natalensis 11.77 ± 1.24 
Body Mass (g) ± SD
 
 
2.4.2.3  Body Temperatures 
 
The thermoconforming nature of all species is apparent with torpid Tbs that match the Ta within 
1ºC (Table 2.6). The most frequently observed Tb in R. clivosus was 21°C ( Fig. 2.4) during rest-
phase. Due to low sample size, only four Tbs between 18-35°C were observed in R. capensis 
(Fig. 2.5). The most frequently observed body temperature in M. natalensis was 38°C ( Fig. 2.6) 
during active-phase. The lowest and highest Tbs measured were 17ºC and 41°C, both in M. 
natalensis, measured during the rest and active phase, respectively. The average torpid Tb ±SD 
of all species was 22.6 ± 3.1°C, and the average no rmothermic Tb ±SD of all species was 37.4 ± 
2.3°C. R. clivosus maintained a higher torpid Tb than both M. natalensis and R. capensis and a 
higher normothermic Tb than M. natalensis. No normothermic data were obtained from R. 
capensis (Table 2.7). 
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Table 2.7 The mean normothermic and torpid ± SD, median and mode body 
temperatures of R. clivosus, R. capensis and M. natalensis. 
 
 
R. clivosus R. capensis M. natalensis
Tb (ºC) Tb (ºC) Tb (ºC)
Mean Normothermic ± SD 38.67 ± 1.75 - 37.38 ± 2.23
Mean Torpid ± SD 22.75 ± 3.39 21.17 ± 3.25 22.67 ± 3.14
Median 24.5 22.75 36
Mode 21 - 38
 
 
 
 
 
Fig. 2.4 Frequency of all body temperatures measured in R. clivosus. 
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Fig. 2.5 Frequency of all body temperatures measured in R. capensis. 
 
 
 
Fig. 2.6 Frequency of all body temperatures measured in M. natalensis. 
2.5 DISCUSSION 
This study provides the first detailed results on seasonal changes in thermoregulatory 
abilities, metabolic rate and use of heterothermy in both R. clivosus and R. capensis 
and the first summer metabolic rate data in M. tricolor. Furthermore, to my knowledge 
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these are the first data that provide evidence that a subtropical bat species will employ 
torpor more readily in the summer and opt for normothermia in winter.   
R. clivosus did not adhere to the prediction that torpor would be more 
pronounced in winter and instead utilized torpor more readily in summer.  Due to a low 
summer sample size of (n=2) in R. capensis, no definite conclusions could be drawn on 
the differences of seasonal correlates of torpor usage. However, no normothermic 
metabolic rates were established with a sample size of (n=6) in winter, while one 
normothermic and one torpid data point were recorded in summer, perhaps 
demonstrating the species’ propensity for normothermia in warmer conditions. 
Interestingly, R. capensis and M. natalensis demonstrated different MR and Tb patterns 
in winter from R. clivsous, although they were exposed to exactly the same ambient 
conditions. Perhaps the most thermolabile of all species, M. tricolor had Tbs that 
consistently tracked Ta. The torpid metabolic rates measured in this study do not 
support the viewpoint that heterothermic endotherms will enter torpor solely when food-
deprived or that mammals will only use torpor under stressful conditions (Hock 1951; 
Tannenbaum & Pivorun 1984; Tomlinson et al. 2007). This is similar to a recent study 
by Stawski & Geiser (2009a) that discovered bats with a good body condition index 
(BCI) will readily enter deep bouts of torpor. However, BCI was not measured in this 
study and therefore it is unknown whether it is related to torpor. Other subtropical bat 
species have been known to employ pronounced bouts of torpor in the summer (Jacobs 
et al. 2007b; Stawski & Geiser 2009b).  However, R. capensis and M. natalensis utilized 
torpor in the winter while R. clivosus stayed normothermic.  It would be expected other 
Microchiroptera may respond similarly to the laboratory conditions and thus it remains 
unclear why R. clivosus responded with normothermia. 
 In Natal, R. clivosus hibernates from May-August after copulation and until 
partuition (Bernard 1983) but animals in the study were observed during active-phase in 
the mines at all months. In a study by Brown & Bernard (1994) torpid R. capensis chose 
winter roosts between 17-22°C near Grahamstown, how ever roosts in Port Elizabeth 
temperatures reached a maximum of 15.2°C. R. capensis and R. clivosus that were 
used in the study were typically found roosting together, demonstrating a similar thermal 
preference.  However, it is important to note that R. capensis was often rare and difficult 
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to find, which may provide evidence that R. capensis migrated and formed separate 
colonies either seasonally or within the proximity of the mines during gestation in winter. 
The abundance of R. clivosus in the mines and lack of R. capensis indicate the two 
species, although closely related, may have highly different thermal strategies and 
tolerances. R. clivosus was also the heaviest of the four species and also had the 
lowest measured Tb of the three species in winter. Importantly, R. clivosus showed 
torpor in the field during winter and not in captivity.  It is not uncommon for animals to 
demonstrate substantially different thermoregulatory patterns when in captivity (Geiser 
et al. 2000). Microchiroptera such as M. lucifugus demonstrated longer bouts of torpor 
in the field, and N. geoffroyi was not often observed to employ prolonged torpor in 
captivity and rewarmed midday in the field (Geiser et al. 2000).  Therefore, how often R. 
clivosus would have entered torpor in the field during winter and the extent to which R. 
clivosus would show torpor in the field in summer remains an important question.  
Seasonal changes in heterothermy using captive and field data should be assessed to 
determine the feasibility of using captive data in the future.  R. clivosus may not be as 
limited by food availability in winter as the other Microchiroptera due to an ability to 
consume a larger variety of food. Thus, they may have found a cost-benefit balance to 
benefit more from maintaining a high Tb than lowering the MR and Tb to low levels daily 
to decrease the Tb-Ta differential during rewarming and use less energy.  
 All of the species demonstrated thermoconforming tendencies when torpid, 
similar to other subtropical Microchiroptera (McNab 1969; Geiser & Brigham 2000; Willis 
et al. 2006).  All species displayed thermoconforming tendencies at instances even 
above the TNZ, when metabolic rate was not as significantly reduced.  A distinct 
possibility exists that maintaining higher metabolic rates and body temperatures in the 
winter may be related to the breeding pattern observed in R. clivosus, although high Tbs 
in the laboratory may not be the true heterothermic strategy of this species.  Copulation 
first occurs in May, wherein the spermatozoa are stored until August until fertilization 
(Bernard 1983).  In R. capensis, sperm is stored in males until copulation in August 
(Bernard 1985, 1986), and M. natalensis mates and fertilizes sperm in March, but 
delays implantation until July and August (Bernard 1980).  R. clivosus may maintain 
high metabolic rates in winter to ensure a high Tb and thus the survival of sperm in the 
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oviduct until fertilization.  Sperm from M. lucifugus placed at low Tas were motile but 
unable to be fertilized, although this was reversible when temperatures were increased 
to 32°C (Lambert 1981). The only group in which repr oduction and heterothermy are not 
mutually exclusive are the bats (Willis et al. 2006), and reproductive activity and use of 
torpor in many mammals are typical incompatible (Csada & Brigham 1994). For 
example, pouched mice (Saccostomus campestris) are unable to utilize heterothermy 
when reproductively active because testosterone blocked the ability to employ torpor 
(Mzilikazi & Lovegrove 2002). However, in this case, the maintenance of a high Tb by  
R. clivosus in both seasons seems to be linked to a reproductive strategy rather than an 
inherent inability to utilize heterothermy. All but one female R. clivosus displayed a 
higher metabolic rate and body temperature than males of the same species in summer, 
indicating that despite captivity, female R. clivosus actively maintain a higher Tb and 
MR. 
There have been various studies that have shown seasonal adjustments in torpor 
patterns in bats (Turbill 2006b; Wojcichowski et al. 2007; Viver & van der Merwe 2007; 
Stawski & Geiser 2010).  For example, N. bifax in Australia were found to use torpor 
year-round and demonstrated deeper, longer and more frequent bouts during winter 
months (Stawski & Geiser 2010).  To my knowledge, there have been only two studies 
that quantify seasonal adjustments of BMR in bats (Coburn & Geiser 1998; Genoud & 
Christe 2011).  BMR was measured in a subtropical species (Syconycteris australis) 
and did not vary significantly with season (Coburn & Geiser 1998).  In the latter, BMR 
was measured in cold-acclimated species (Pipistrellus pipistrellus) and varied 
significantly with season. BMR was higher in summer and than in winter and also lower 
before hibernation (Genoud & Christe 2011).  Interestingly, the BMR of all species 
measured in this study was consistently lower in winter (including R. clivosus), much 
like their counterparts in the northern hemisphere. 
Mine temperatures never decreased Ta below 10.2°C for less than a few hours in 
August 2010 and 2011, and yet all animals were capable of tolerating Ta 10°C.  It 
seems the bats easily cope to decreased Ta, but were notably stressed at higher 
temperatures. These data have  two-fold implication in the context of global warming. 1) 
That if bats are exposed to an increasing global temperature and are unable to 
Chapter Two 
 
 
41 
redistribute themselves to cooler areas, they may experience difficulties due to heat 
stress, water loss, and decreased food availability. On the other hand, 2) If bats are able 
to utilize torpor with the likely, increased frequency of severe weather events such as 
droughts, floods, or colder environments, they will be able to decrease Tb and 
metabolism to low levels, minimizing extinction (Geiser et al. 2011). 
In conclusion, the data presented provide more evidence that the subtropical 
Microchiroptera show a high propensity for torpor and are readily able to cope with 
sudden changes in ambient temperature conditions. Except for R. clivosus, the other 
three species M. natalensis, R. capensis, and M. tricolor entered torpor whenever 
possible and possessed the smallest possible Tb -Ta differential to minimize energy 
costs. R. clivosus, on the other hand, had the unexpected tendency of utilising torpor 
during summer relative to winter time.  This is possibly linked to its breeding pattern.  
Future studies should place a greater emphasis on obtaining data from free-ranging 
individuals over extended periods of time, so as to ascertain the depth and frequency of 
torpor use, as well as establish the ecological correlates of torpor use in free-ranging 
individuals.
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CHAPTER 3 
BAT IN BATS: CAPACITY FOR NORADRENALINE-INDUCED 
THERMOGENESIS IN THE AFROTROPICS 
 
3.1  ABSTRACT 
The development of brown adipose tissue (BAT) is thought to be an evolutionarily 
significant aspect of thermoregulation in eutherians. Both shivering and nonshivering 
thermogenesis (NST) are important components of rewarming for most animals which 
employ torpor or hibernation, but the extent to which NST is used in the Afrotropics 
remains understudied. Only a few animals in southern Africa have been tested for their 
NST capacity, including those of the Afrotheria, the most basal of the eutherian lineage. 
However, it is uncertain which other mammalian lineages are able to employ or need 
NST to return to a normothermic body temperature (Tb). The purpose of this study was 
to determine the capability and capacity for nonshivering thermogenesis in two 
Afrotropical bat species. We measured the maximum thermogenic response to 
noradrenaline (NA) and saline injections in Miniopterus natalensis (n = 11) and 
Rhinolophus clivosus (n = 7) at 25ºC. The maximum oxygen consumption in response 
to NA injection was 3.1 ± 0.8 and 3.9 ± 0.9 ml O2 g-1hr-1 in M. natalensis and  
R. clivosus, respectively.  These values represent 4.1x and 6.4x increase over resting 
metabolic rates at the same Ta. Both species also showed a significant response to NA-
induced thermogenesis when injected in a torpid state. Bats are thus capable of NST 
and will predictably possess BAT, but it is uncertain to what extent they will facultatively 
utilize NST when acclimatized to colder temperatures.  
3.2  INTRODUCTION 
Heat production is the most costly energy requirement for an endotherm (Schmidt-
Nielson 2004). Several mechanisms for endogenous heat production exist for 
maintenance and arousal from torpor and/or hibernation, of which non-shivering 
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thermogenesis (NST) is the primary mechanism. NST is a response that occurs in 
placental mammals and marsupials (Brigham & Trayhurn 1994; Rose et al. 1999). NST 
is thought to be the preferred method of heat production in cold climates because of its 
larger capacity over shivering thermogenesis (Jansky 1973). A high capacity for NST 
has been suggested as a prerequisite for torpor arousal (Jefimow et al. 2004).   
Brown adipose tissue (BAT) contains fat cells with a dense count of mitochondria 
and is the main carrier of the mitochondrial uncoupling protein 1 (UCP-1) which is linked 
to NST. Activation of UCP-1 creates a proton leak which uncouples oxidative 
phosphorylation from ATP synthesis and due to that the energy conserved in the proton 
motive force is released as heat (Cannon & Nedergaard 2004). Furthermore, vast 
amounts of heat can be generated in an animal (up to 10 times higher than using 
skeletal muscle) when using NST because ADP is no longer relied upon to generate 
energy (Cannon & Nedergaard 2004).  Brown fat is dispersed throughout the 
mammalian body in defined areas and thus NST occurs in metabolically active organs 
such as the heart, kidney, brain, or liver (Heldmaier et al. 1986; Klingenspor 2003; 
Cannon and Nedergaard 2004; Schmidt-Nielson 2004). It is suggested that NST is 
favoured by animals of body size smaller than 10-20 kg because thermogenic 
capabilities are required in addition to shivering.  Animals that are smaller than 10kg at 
birth may possess BAT and thus use NST and later lose these mechanisms as they 
grow (Jansky 1973).   
Thus far, only one member of the Laurasiatheria superorder that occurs in 
southern Africa has been tested for their capacity for NST (Noll 1979a). Most of the 
work that has been conducted on NST in the Afrotropics has been focused on rodents, 
elephant shrews, and golden moles, such as (Noll 1979a,b; Ellison & Skinner 1992; 
Genin et al. 2002; Mzilikazi & Lovegrove 2006; Mzilikazi et al. 2007; Scantlebury et al. 
2008). NST use in animals from temperate or cold regions also have a narrow focus, 
concentrating on hamsters, rats, mice (Haim et al. 1995; Haim & Zisapel 1999; Jefimow 
et al. 2004) There is a need to investigate utilization of NST from species other than 
those currently being studied. 
Bats are ideal study subjects for NST capacity because North American bats 
have been shown to rely on nonshivering thermogenesis to return to normothermic body 
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temperatures during hibernation periods (Hayward 1968; Kronfeld-Schor et al. 2000). 
However, the afore-mentioned studies did not test for thermogenic capacity in-vivo but 
rather noted presence of tissues and functions available to assist in NST. Hibernating 
bats have been found to contain a substantial amount of brown fat (O’Farrell & 
Schreiweis 1978; Clark & Krynitsky 1983), but bats in tropical environments are not 
known to rely on hibernation to the extent of their relatives in the north (Brown & 
Bernard 1994; Bartels et al. 1998; Gesier & Brigham 2000; Turbill et al. 2003). The 
Chiroptera in southern Africa seem to utilize cycles of daily torpor (person observation; 
Chapter 2).  It is currently undocumented whether Afrotropical bats have functional BAT 
and a capacity for NST.   
BAT is not a significant thermogenic mechanism in all mammalian lineages. The 
absence of BAT in monotremes does not hinder their ability to arouse from hibernation 
Thus, BAT and UCP-1 dependent NST is not necessarily a requirement for arousal from 
torpor or hibernation but rather a supplementary mechanism present in only some 
mammalian lineages (Grigg & Beard 2000).  The active presence of UCP-1 throughout 
the entire life span of most marsupials was until recently considered absent or only 
present during juvenility (Nicol et al. 1997; Rose et al. 1999).  A study has now 
demonstrated that some marsupials possess UCP-1, suggesting a prototypical BAT 
before the divergence of marsupials and eutherians (Jastroch et al. 2007). This UCP-1 
dependent NST has recently been discovered in the rock elephant shrew, which 
belongs to ancient mammalian lineage, the Afrotherians (Mzilikazi et al. 2007). It is 
therefore possible NST is a phylogenetically ancient component if heterothermy present 
in eutherians (Scantlebury et al. 2008). Interestingly, the golden moles and elephant 
shrews are prone to torpor, and the presence of NST is a useful mechanism for arousal 
(Mzilikazi et al. 2007) even despite stable burrow temperatures (Scantlebury et al. 
2008). Thus, it is likely that heterotherms evolved both endogenous and exogenous 
methods of heat production to stabilize body temperature and enable arousal from 
torpor (Lyman et al. 1982; Grigg & Beard 2000).  
Insectivorous bats are a highly thermolabile group prone to torpor (Gesier & 
Brigham 2000; Willis & Brigham 2003; Willis et al. 2005). Thus, it would seem NST 
would stand as a component of arousal from torpor and hibernation to allow for 
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endogenous heat production. In the present study, I tested for the capacity for 
nonshivering thermogensis in two subtropical bat species, R. clivosus and M. 
natalensis.  
3.3  MATERIALS AND METHODS 
3.3.1  Experimental Protocol 
 
The experiments were conducted in May (M. natalensis) and July (R. clivosus) 2011 
and all measurements were made at 25°C.  The capacit y for NST is most easily 
ascertained by monitoring an increase in oxygen (VO2) consumption after an injection 
with noradrenaline (NA), which promotes thermogenesis in BAT.  The general 
respirometry setup for the measurent of oxygen consumption is described in detail in 
Chapter 1.  Food and water were not offered to test subjects for at least 3 hr prior to 
commencement of data measurement to ensure post-absorption. The rest phase is 
coincident with the daytime in both R. clivosus and M. natalensis. The experiments were 
thus conducted during the daytime, between 09h00 and 16h00.  The average mine 
temperature for the month of May and July 2011 was 15.8 ± 0.91°C and 12.3 ± 0.7°C, 
respectively. However, bats were almost always observed to be torpid under laboratory 
conditions.  Because the study species were measured within three days after capture, 
they were kept at 21°C to ensure they were not unde r cold stress pre-measurement and 
encourage normothermia. 
NST was measured by maximum oxygen level increase in response to an NA 
injection. Saline solution (0.9% NaCl) was used as a control substance to measure the 
response of individuals to handling and injection. Measurements of resting metabolic 
rate (RMR), saline and NST capacity were made at 25ºC, 3ºC below the predicted lower 
limit of thermoneutrality (TLC) of the bats to prevent them from suffering from 
hyperthermia (Mzilikazi and Lovegrove, 2006). RMR was measured for 1.5 hours after 
which saline was injected subcutaneously (dosage according to Wunder and Gettinger, 
1996) [NA dose (mg/ kg)=2.53 M-0.4 where M is the mass in grams]. The amount of NA 
administered was calculated specifically for the mass of the individual animal.  Once an 
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animal reached steady state, it received a saline injection and measurement continued 
for 1.5 hours. After this the animal received a NA injection and monitoring of oxygen 
consumption continued for 1.5 hours.  Each animal therefore functioned as its own 
control. For each animal, RMR was determined by lowest of 2 VO2 values within the first 
90 minutes over 4.1 hrs.  Both the control (saline) and NST (NA) values were 
determined by the maximum VO2 value obtained within the first hour after injection (at 
least 18 min).  Animals with a body temperature of below 30ºC were considered torpid 
for analysis. The average normothermic temperature of M. natalensis and R. clivosus 
ranged from 34.5-38°C.  According to Barclay et al. (2001), the average minimum active 
Tb should be used to define normothermia. The minimum active Tb of study bats taken 
in the laboratory just before flight was 30°C; therefore all metabolic rates below these 
Tb’s were subsequently noted as torpid metabolic rates (TMR).  
Some animals became torpid during measurements and I took the opportunity to 
determine how torpor affects the ability to respond to NA-injection. This study 
demonstrates the effect of a saline-VO2 injection and NA-VO2 injection on both torpid 
and normothermic insectivorous, subtropical bats.  
 
3.3.2  Data Analysis 
 
Resting metabolic rate (RMR) was calculated as minimal oxygen consumption 
(VO2MIN) and the capacity for NST was presented as the ratio between maximum NA 
induced VO2 and RMR.   
A paired t-test was used to determine if the NA injection against the initial saline 
injection resulted in a significant increase in VO2 consumption.  Results are expressed 
for sample sizes including torpid individuals and excluding torpid individuals.  All results 
are expressed as mean ± SD. 
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3.4 RESULTS 
3.4.1 Body Mass 
 
The mean ± SD body mass of M. natalensis at 21°C pre-measurement was 10.4 ±1.5 g 
(n=16), and of R. clivosus 15.2 ± 0.9 g (n=7). 
 
3.4.2 Sample Size 
 
During sampling, only two normothermic R. clivosus were observed and resulted in the 
combined analyses of both torpid and normothermic values to allow for an appropriate 
sample size (Table 3.1). 
 
Table 3.1 Sample sizes of total, torpid and normothermic R. clivosus and M. 
natalensis. 
 
 
 
3.4.3 Body Temperatures 
 
Body temperatures for normothermic R. clivosus and M. natalensis post NA injection 
were 32.0°C and 31.0°C, respectively. 
 
3.4.4 Thermogenic Capacity 
 
The NA-induced NST ± SD for M. natalensis including torpid individuals was 2.8 ± 0.8 
ml O2 g-1 hr-1 and represented a mean increase of 4.2x in VO2 between RMR-VO2 and 
NA-VO2 (Fig. 3.1A, Table 3.2)). NA-induced thermogenesis ± SD for M. natalensis 
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excluding torpid individuals was 2.9 ± 0.9 ml O2 g-1 hr-1 with a mean increase of 4.1x in 
VO2 (Fig. 3.1B, Table 3.2). However, there was an 0.84x difference in thermogenic 
capacity between saline-VO2 and NA-VO2 values when excluding torpid individuals in M. 
natalensis and only a 0.3x difference when including torpid individuals (Fig. 3.1A, 3.1B, 
Table 3.2). When testing only for torpid individuals in M. natalensis, NA-induced 
thermogenesis ± SD was 2.7 ± 0.6 ml O2 g-1 hr-1 and a resulted in a mean increase of 
3.6x in VO2 (Fig. 3.1C, Table 3.2). 
Normothermic M. natalensis demonstrated little response to saline-injection with 
short and pronounced peaks in VO2 consumption after NA-injection, while torpid R. 
clivosus showed short and pronounced peaks in VO2 consumption when NA- and 
saline- injected (Fig. 3.2A, 3.2B). VO2 consumption in normothermic M. natalensis was 
significantly different (t=-1.83; df=15; P≤0.001) in NA-induced thermogenesis to saline-
induced heat production (Fig. 3.1B). However, in torpid M.natalensis, there was no 
significant difference (t=-1.85; df=4; P≤0.05) in oxygen consumption between NA-VO2 
and saline-VO2 (Fig. 3.1C). The difference in VO2 consumption in torpid and 
normothermic M. natalensis between saline-VO2 and NA-VO2 was significant (t=-4.25; 
df=10; P≤0.05)
Ch
ap
te
r 
Th
re
e
  
 
4
9
 
 Ta
bl
e
 
3.
2  
Va
lu
e
s 
o
f m
e
a
n
 
a
n
d 
±
 
SD
 
re
st
in
g 
m
e
ta
bo
lic
 
ra
te
s,
 
sa
lin
e
-
VO
2 
m
l O
2 
g-
1 h
r-
1 
a
n
d 
N
A
–
VO
2 
m
l O
2 
g-
1 h
r-
1 
(S
a
lin
e
-
V
O
2 
a
n
d 
N
A–
VO
2 
=
 
m
e
a
n
 
m
a
x
im
u
m
 
o
x
yg
e
n
 
c
o
n
s
u
m
pt
io
n
 
in
 
re
s
po
n
se
 
to
 
in
jec
tio
n
). 
 
 
          
Chapter Three 
 
 
50 
 
 
Fig. 3.1A Torpid and normothermic M. natalensis. Mean resting metabolic rates, saline-
VO2 ml O2 g-1hr-1 and NA–VO2 ml O2 g-1hr-1  (saline-VO2 and NA–VO2 = mean maximum 
oxygen consumption in response to noradrenaline injection) of torpid and normothermic; 
M. natalensis. A marked star indicates a significant difference between the oxygen 
consumption after the saline-VO2 injection and NA-VO2 injection (*=P≤0.05; **=P≤0.01). 
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Fig. 3.1B Normothermic only M. natalensis. Mean resting metabolic rates, saline-VO2 
ml O2 g-1hr-1 and NA–VO2 ml O2 g-1hr-1  (saline-VO2 and NA–VO2 = mean maximum 
oxygen consumption in response to noradrenaline injection) of normothermic only M. 
natalensis. A marked star indicates a significant difference between the oxygen 
consumption after the saline-VO2 injection and NA-VO2 injection (*=P≤0.05; **=P≤0.01). 
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Fig. 3.1C Torpid only M. natalensis. Mean resting metabolic rates, saline-VO2 ml O2 g-
1hr-1 and NA–VO2 ml O2 g-1hr-1 (saline-VO2 and NA–VO2 = mean maximum oxygen 
consumption in response to noradrenaline injection) of torpid only M. natalensis. A 
marked star indicates a significant difference between the oxygen consumption after the 
saline-VO2 injection and NA-VO2 injection (*=P≤0.05; **=P≤0.01). 
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Fig. 3.2A Individual traces of saline and noradrenaline- injected M. natalensis in a 
normothermic state pre-injection. Resting metabolic rate of each animal at 25°C is 
represented by the dashed horizontal line and maximum oxygen consumption 
(VO2MAX) represented by the dotted horizontal line. Steep drops in the trace indicate 
time the animal was removed from the temperature cabinet for injection. The labeled 
asterisks represent times of saline and noradrenaline injections. NST capacity (NS in 
graph) was calculated as the net increase in metabolic rate caused by NA injection.  
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Fig. 3.2B Individual traces of saline and noradrenaline- injected M. natalensis in a torpid 
state pre-injection. Resting metabolic rate of each animal at 25°C is represented by the 
dashed horizontal line and maximum oxygen consumption (VO2MAX) represented by 
the dotted horizontal line. Steep drops in the trace indicate time the animal was 
removed from the temperature cabinet for injection. The labeled asterisks represent 
times of saline and noradrenaline injections. NST capacity (NS in graph) was calculated 
as the net increase in metabolic rate caused by NA injection.   
 
NA-induced thermogenesis for R. clivosus including torpid individuals was 2.6 ± 0.8 ml 
O2 g-1 hr-1 and a mean increase of 6.41x in VO2 (Fig. 3.3B), and for torpid individuals 
only was 2.3 ± 0.7 ml O2 g-1 hr-1 and a mean increase of 6.1x in RMR-VO2 to NA-VO2 
(Fig.3.3A). Normothermic R. clivosus demonstrated a short and pronounced peak in 
VO2 consumption when NA-injected, while torpid R. clivosus showed a more prolonged 
response (Fig. 3.4A, 3.4B) Normothermic and torpid R. clivosus yielded a significant 
difference in VO2 consumption (t=-4.81; df=6; P≤0.001); Difference in VO2 consumption 
in torpid R. clivosus was significant (t=-4.62; df=4; P≤0.01). 
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Fig. 3.3A Torpid only R. clivosus. Mean resting metabolic rates, saline-VO2 ml O2 g-1hr-1 
and NA–VO2 ml O2 g-1hr-1 (Saline-VO2 and NA–VO2 = mean maximum oxygen 
consumption in response to noradrenaline injection) of torpid R. clivosus. A marked star 
indicates a significant difference between the oxygen consumption after the saline-VO2 
injection and NA-VO2 injection (*=P≤0.05; **=P≤0.01). 
 
 
 
 
Chapter Three 
 
 
56 
 
 
Fig. 3.3B Normothermic and torpid R. clivosus. Mean resting metabolic rates, saline-
VO2 ml O2 g-1hr-1 and NA–VO2 ml O2 g-1hr-1 (Saline-VO2 and NA–VO2 = mean maximum 
oxygen consumption in response to noradrenaline injection) of normothermic and torpid 
R. clivosus. A marked star indicates a significant difference between the oxygen 
consumption after the saline-VO2 injection and NA-VO2 injection (*=P≤0.05; **=P≤0.01). 
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Fig. 3.4A Individual traces of saline and noradrenaline- injected R. clivosus in a 
normothermic state pre-injection. Resting metabolic rate of each animal at 25°C is 
represented by the dashed horizontal line and maximum oxygen consumption 
(VO2MAX) represented by the dotted horizontal line. Steep drops in the trace indicate 
time the animal was removed from the temperature cabinet for injection. The labeled 
asterisks represent times of saline and noradrenaline injections. NST capacity (NS in 
graph) was calculated as the net increase in metabolic rate caused by NA injection. 
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Fig. 3.4B Individual trace of saline and noradrenaline- injected R. clivosus in a torpid 
state pre-injection. Resting metabolic rate of each animal at 25°C is represented by the 
dashed horizontal line and maximum oxygen consumption (VO2MAX) represented by 
the dotted horizontal line. Steep drops in the trace indicate time the animal was 
removed from the temperature cabinet for injection. The labeled asterisks represent 
times of saline and noradrenaline injections. NST capacity (NS in graph) was calculated 
as the net increase in metabolic rate caused by NA injection. 
 
3.5  DISCUSSION 
Although the measurements were conducted at a relatively high temperature of 25°C, 
there was still a high propensity for torpor in both species, especially R. clivosus.  I 
assumed 25°C to be a reasonable T a as it is used frequently in studies using NA to test 
for NST.  In addition, I had previously observed individuals of both species to be 
distressed at Ta > 32ºC. In the interests of the well-being of the animals therefore I 
opted to give them a thermal window that would allow them to avoid hyperthermia.  In 
retrospect, future studies investigating NST in bats should probably be conducted at Tas 
between 28 – 30°C to further minimize the probabilit y of animals being torpid. 
This is the first study in South Africa that quantifies the thermogenic capacity of 
M. natalensis and R. clivosus, and the first study which tests for Afrotropical NST 
capacity in a Microchiroptera. To my knowledge, there have not been studies which 
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quantify the maximum thermogenic response of any animals when injected with NA 
under torpid conditions, but rather only when acclimated to cold ambient Ta’s (Marley 
and Stephenson 1975; Jefimow et al. 2004) but were normothermic throughout 
experimentation. Both torpid and normothermic bats showed a typical NST response 
after injection, spreading limbs on the bottom of the chamber to increase surface area 
for maximum heat loss, indicating an increase in heat gain.  NST is the main avenue of 
arousal for torpid individuals returning to normothermia (Himms-Hagen 1984).  
Because studies have not been conducted on animals injected with NA when 
torpid, it was unclear how pronounced their response would be to the injection. When 
normothermic, the study animals’ capacity for NST was more pronounced.  Due to the 
nature of bats to rewarm from torpor once disturbed (personal observation), it was 
expected for torpid bats to use all available thermal mechanisms for arousal. Both M. 
natalensis and R. clivosus when torpid and normothermic demonstrated a significant 
increase in VO2MAX when NA-injected as compared to saline-injected, demonstrating 
their inherent capacity for non-shivering thermogenesis. Because Tb of bats were not 
measured in-chamber, their body temperatures were only measured after experiments 
were completed and thus it is inconclusive whether torpid or normothermic individuals 
reached hyperthermia. It is however unclear why saline-injected M. natalensis showed a 
higher increase in VO2 consumption than when NA-injected. If alarm arousal was an 
issue, it would be expected that both normothermic and torpid M. natalensis would have 
the same level of response to saline and NA-injection if they did not have capacity for 
NST. However, due to the nature of the results, I would assume further investigation of 
NST capacity during torpor is required to determine the level of possible NST 
suppression during facultative torpor bouts. Torpid R. clivosus demonstrated an overall 
increased response to the NA-injection.  Animals did not always usually present a 
sustained response to noradrenaline, but rather sharp peaks in VO2 consumption. 
Initially it was supposed that torpid bats were attempting to return to their original Tb 
state, but normothermic bats also displayed this response. A high saline-VO2 
demonstrates an endogenous thermogenic response to stress of handling (Jefimow et 
al. 2004). 
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Adiposity and body mass increase relative to time of hibernation in little brown 
bats (Myotis lucifugus) in the northern hemisphere, indicating their need for seasonal 
BAT during periods of both reduction of resources and cold acclimatization (Kunz et al. 
1998; Kronfeld-Schor et al. 2000).  It is unclear how pronounced the need for NST is in 
the tropics due to lack of study. For example, it was recently believed marsupials did 
not possess the ability for NST. It is now known that although marsupials have typically 
low metabolic rates, Polymeropoulos et al. (2011) recently found high proton leakage in 
the marsupial opposum Monodelphis domestica, indicating higher cellular metabolism. 
However, recent studies in South Africa have shown that NST is a homologous, 
pleisiomorphic characteristic found in endotherms. (Mzilikazi & Lovegrove 2006; 
Scantlebury et al. 2008).  Thus this study concludes that, like their North American 
counterparts, subtropical bats have the capacity for NST  
It would be of interest to study the difference in NST capacity of conspecifics that 
utilize dissimilar roosts.  For example, the study of Microchiroptera which roost in tree 
cavities or under bark are able to exploit exogenous passive heating (Turbill 2006a) 
and thus may not increase thermogenic capacity during cold acclimation, such as in 
the Elephant shrew (Elephantalus myurus) (Mzilikazi et al. 2007). Jefimow et al. (2004) 
concluded golden hamsters fluctuated in their daily and seasonal thermogenic capacity 
when subjected to various Tas to most efficiently utilize energy. Therefore, the same 
species that roost in areas with more stable ambient temperatures may have a higher 
thermogenic capacity when cold-acclimated. Further studies could be made to 
determine and quantify the seasonal variations in thermogenic capacity of 
Microchiroptera utilizing diverse roost types.  
A phylogentic comparison between available bat species and their capacity for 
NST could not be made due to lack of data. Phylogenetic comparisons among groups 
are important because they allow for the gleaning of a derived characteristic within or 
between groups/species. The consequential evolutionary significance of a trait (in this 
case, thermogenic capacity) only present in one or few species could possibly be 
determined, for example, by altitude or other climatic conditions (Garland & Adolph 
1994). However, Garland & Adolph (1994) note that at least three species must be 
present to make a phylogenetic comparison to ensure a significant evolutionary 
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adaptation without confounding variables. Only three other studies exist which quantify 
NST capacity in bats, one of which focuses on a temperate species (Hayward 1968; 
Noll 1979a; Almeida & Cruz-Neto 2011). In this case, it would be difficult to include Noll 
(1979a) and Almeida & Cruz-Neto 2011 in a phylogenetic comparison because the 
aforementioned studies include large, frugivorous bats with different life history traits 
than the Microchiroptera measured in the present study. Comparisons are often made 
between groups of animals, such as eutherians (see Mzilikazi & Lovegrove 2006). 
However, bats are the only truly volant mammals, which lends the possibility of skewed 
data from various sources such as heat dissipation through the large surface area of the 
wing (Kluger & Heath 1970). Importantly, more information is needed on the capacity for 
non-shivering thermogenesis in subtropical bat species, especially Microchiroptera, to 
allow for phylogenetic comparisons. These data would allow for analyses of 
evolutionary traits in Chiroptera that have lead to the development of NST in eutherians, 
and specifically how mechanisms of thermoregulation differ in other areas of the world. 
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CHAPTER 4 
GENERAL DISCUSSION 
 
 
 Difficulties were associated with collecting free-ranging body temperatures of bat 
species from mine addits, originally the aim of this project.  Ten R. clivosus were 
collected during rest-phase when torpid and fitted with temperature –sensitive 
transmitters (BD-2T, Holohil Systems Ltd., Ontario, Canada) using skin glue (Osto-Bond 
M.O.C., Vaudreuil, Canada). Parameters, such as torpor frequency, duration, and 
depth, were to be inferred from collecting skin temperature of the animals during the 
rest-phase over two seasons.  Temperature-sensitive transmitters may relay 
representative body temperatures of bats using skin temperature (Willis & Brigham 
2003). Unfortunately, collection of Tb data were scant and only one of the transmitters 
was recovered.  
Due to the loss of transmitters, attempts were made to utilize modified iButtons 
(see Lovegrove 2009) for the same purpose. IButton modificiation resulted in weight 
reduction that allowed for their application to bats in the same manner as radio 
transmitters.  If iButtons were recovered, they would provide rest- and active-phase data 
for R. clivosus. Difficulty again arose from the retrieval of the dataloggers over three 
separate instances. Of ten dataloggers administered, only one was recovered.  
Recovery attempts included daytime mine searches in addition to active-phase mist-
netting. 
 The loss of both transmitters and dataloggers were most likely due to the 
specialized roosting habits of the study species at the field site. R. clivosus has various 
rocky outcrops and complex mine systems available for roosting, resulting in 
preferential choice of buffered microclimates, many of which are inaccessible to 
humans.  Furthermore, as the signal of transmitters operate on assumption of 
availability of open space for signal transmission, they could not be detected in deep, 
rocky mine systems.  After ten days from initial application, skin glue may become less 
cohesive and the attached mechanism may be discarded. If projects of this nature are 
to be conducted, it is imperative to choose appropriate field sites, which may lead to a 
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selection of species that roost in open habitats. If bats that roost in mine systems are 
studied, only dataloggers should be used and the site should be isolated (no other 
mines in the area should be available) to ensure mist-netting will result in higher 
possibility of recapture. Transmitters should only be used in sites that will allow the 
attainment of data in open space or near roost sites that are consistently used. 
 Heterothermy may have evolved to combat extinction events (Geiser & 
Turbill 2009), and small mammals seemingly have the monopoly on pleisiomorphic 
heterothermy.  The study species in this thesis are no exception and show that torpor is 
used in both a daily and seasonal context.  The laboratory studies that followed 
importantly added to the body of literature that express the use of heterothermy in 
subtropical climates. Furthermore, the differential use of heterothermy between four 
species of Afrotropical bats that roost in the same habitat is conclusively expressed.  
Although two species belong to the same genus (R. clivosus and R. capensis), they 
demonstrated alternate coping mechanisms to seasonal changes in Ta. Roost selection 
and microclimate is an important aspect of physiological adaptation in bats. Slight 
differences in temperature can result in vastly different BMR (Rodriguez-Dúran 1995). 
Thus, I have further provided evidence that heterothermic endotherms widely differ in 
their expression of torpor.  Stawski & Geiser (2010) provided the first evidence of 
seasonal shifts in heterothermy in bats. Torpor usage was found to be deeper and more 
frequent in the winter. This study, on the other hand, provides the first evidence of use 
of torpor in the summer and normothermy in winter, similar to a recent study by Stawski 
& Geiser (2009a) which concluded heterothermy may be liberally utilized by animals 
that have adequate food stores.  In the winter, normothermic Tbs are typically preferred 
and a shift to torpor is only made when animals are energetically constrained.  
Interestingly, animals that will employ torpor seem to choose colder hibernacula than 
those that stay normothermic to increase energy savings (Boyles et al. 2007). In this 
study, it was found R. clivosus consistently roosted with M. natalensis in summer and 
winter despite differences in Ta and Tb maintenance.  At this time, no explanation can be 
offered for this and further study is required to analyze the thermal preferences of the 
two consistent, resident species of the field site.  
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 Minimum torpid metabolic rate of the species studied are very similar to those 
found by others of similar body mass (Willis et al. 2005; Turbill & Geiser 2006). The 
BMR of the animals measured are 29-66% lower than the BMRs reviewed in Australia 
when compared to bats of the same size (Bartels et al. 1998; Geiser & Brigham 2000; 
Willis et al. 2005; Stawski & Geiser 2011).  However, most of the species in the latter 
comparison belong the Nyctophilus genus, which could lend bias to possible evolved 
physiological traits that have not been studied. 
 The laboratory-based studies involving the acquisition of data from few sample 
sizes proved to be a difficult.  In the future, it would be suggested to focus on one 
species to improve sample size before capture of other species.  Furthermore, other 
considerations should be made regarding roosting and migration habits of animals.  For 
example, a seasonal comparison of M. tricolor could not be made because they were 
not observed to roost at the site in winter, and the elusive R. capensis was difficult to 
find in both seasons.  It would be interesting to investigate the migration habits of 
Afrotropical bats, because information available is solely speculative.  In conclusion, this 
project provides data on basal metabolic rates and body temperatures of four co-
occuring Afrotropical bat species, as well as the capacity for non-shivering 
thermogenesis in two of the species. 
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